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ABSTRACT 

An overview of recent electroweak physics results from the 
Tevatron is given. Properties of the and Z° gauge bosons 
using final states containing electrons and muons based on large 
integrated luminosities are presented. In particular, measure- 
ments of the and Z° production cross sections, the Re- 
charge asymmetry and the measurement of the VF-mass are 
summarized. Gauge boson self interactions are measured by 
studying gauge boson pair production and limits on anomalous 
gauge boson couplings are discussed. 



I. INTRODUCTION 

The Standard Model of electroweak interactions (SM) has 
taken a very prominent position in today's description of ex- 
perimental results. Perhaps the most compelling reason for this 
state of affairs is that the experimental results have reached a 
level of precision which require a comparison with theory be- 
yond the Born calculations, which the SM is able to provide. 
It is widely anticipated, though, that the SM is just an approxi- 
mate theory and should eventually be replaced by a more com- 
plete and fundamental description of the underlying forces in 
nature. Since the highest center of mass energies are reached 
at the Tevatron, the measurements at this accelerator provide 
natural tools to probe the SM at the highest energy scale. 

In this summary the most recent electroweak results from the 
Tevatron will be described, with the emphasis on results from 
the collider experiments CDF and D0. The CDF and D0 de- 
tectors are large multi-purpose detectors operating at the Fermi- 
lab Tevatron pp Collider [jl], ^] . The D0 detector has a non- 
magnetic inner tracking system, compact, hermetic, uranium 
liquid-argon calorimetry and an extensive muon system. The 
CDF detector has a magnetic central detector, scintillator based 
calorimetry and a central muon system. During the 1992-1993 
run, generally called Run la, the CDF and D0 experiments 
have collected ~20 pb _1 and ~15 pb _1 of data, respectively. 
For the 1994-1995 run (Run lb) both experiments have col- 
lected ^90 pb _1 of data. The CCFR experiment at Fermilab 
studies ^-nucleon interactions. The measurement of the ratio 
of charged and neutral current cross sections provides a direct 
measurement of the weak mixing angle. Results on the W and 
Z production cross sections, the ly-width, M^-charge asymme- 
try and the mass of the VK-boson are presented. In the last sec- 
tion moments of the gauge boson are discussed. 



H. IVB PRODUCTION CROSS SECTIONS 

In pp collisions intermediate vector bosons are produced pre- 
dominantly by quark-antiquark annihilation. In approximately 
80% of the interactions a valence quark is involved. Sea-sea in- 
teractions contribute «20% to the total cross section. The lep- 
tonic decay modes of the W and Z-bosons are easily detected 
because of their characteristic decay signatures: for a W decay a 
high px lepton accompanied by large missing transverse energy 
(Sjt), indicating the presence of a neutrino, and two high pt 
leptons for Z-decays. The measurement of the W and Z pro- 
duction cross sections probes the SM of electroweak and strong 
interactions and provides insight in the structure of the proton. 
With the large increase in integrated luminosity the new mea- 
surements have a significantly improved precision. A persistent 
uncertainty on any cross section measurement at a pp collider, 
however, is the large uncertainty on the integrated luminosity 
due to the uncertainty on the effective total pp cross section seen 
by the detectors. This uncertainty cancels completely in the ra- 
tio of the W and Z production cross sections, a quantity that can 
be used to extract the width of the W -boson, r(Vl / ). The event 
selection is thus geared towards maximizing the cancellation of 
the different uncertainties in the ratio of the two cross section 
measurements. 
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18.0 ±0.7 



*Work supported by the U.S. Dept. of Energy under contract DEAC02- 
76CHO3000 



Table I: Analysis results for the W and Z-production cross sec- 
tion measurement for CDF and D0. Ay, ey and Bkg stand 
for acceptance, detection efficiency and Bkg, respectively, for 
vector boson V. 

W and Z events are normally recorded using a common sin- 
gle lepton trigger. The event selection for ly-bosons requires an 
isolated lepton with transverse momentum pr > 25 GeV and 
Sir > 25 GeV. Leptonic decays of Z-bosons are selected by 
imposing the same lepton quality cuts on one lepton, and looser 
requirements on the second lepton. Table | lists the kinematic 
and geometric acceptance (Ay), trigger and event selection ef- 
ficiency (ey) and background (Bkg) for the electron and muon 
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decay channel for the two experiments (V = W or Z)\ 

The vector boson inclusive cross section times decay branch- 
ing ratio follows from the number of background subtracted 
observed candidate events, corrected for efficiency, acceptance 
and luminosity: 
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Here N b s is the observed number of events and Nf,k g the num- 
ber of expected background events. B indicates the branching 
ratio of the vector boson for the decay channel under study. The 
measured cross sections times branching ratio are listed in Ta- 
ble P and are compared with the theoretical prediction in Fig. [l]. 
The theoretical predictions for the total production cross sec- 
tion, calculated to 0{a 2 s ) [Q], depend on three input parameters: 
the mass of the W-boson, taken to be M w = 80.23 ± 0.18 
GeV/c 2 , the mass of the Z-boson, M z = 91.188 ± 0.002 
GeV/c 2 0|, and the structure of the proton. Using the CTEQ2M 
parton distribution functions [H], the prediction for the total 
cross sections are aw = 22.35 nb and az = 6.708 nb. Using the 
leptonic branching ratio B(W -> Iv) = (10.84 ± 0.02)%, as 
calculated following reference |]] using the above quoted W- 
mass, and B(Z -> ££) = (3.366 ± 0.006)% as measured by 
the LEP experiments JlQ], the theoretical predictions for the to- 
tal inclusive production cross section times branching ratio are 
a w ■ B(W -> iv) = 2A2±o {l nb and a w ■ B{Z -> ii) = 
0.226^0 009 n b- The two largest uncertainties on the theoretical 
prediction are the choice of parton distribution function (4.5%) 
and the uncertainty due to using a NLO parton distribution func- 
tion with a full 0(a 2 ) theoretical calculation (3%). The experi- 
mental error is dominated by the uncertainty on the luminosity. 





a w ■ B(W -> iv) 


a z • B{Z -> U) 


1992-1993 
D0 (e) 
D0 (p) 
CDF (e) 
CDF In) 


2.36 ±0.02 ±0.15 
2.09 ± 0.06 ± 0.25 
2.49 ±0.02 ±0.12 
2.48 ±0.03 ±0.16 


0.218 ± 0.008 ± 0.014 
0.178 ±0.022 ±0.023 
0.231 ±0.006 ± 0.011 
0.203 ± 0.010 ± 0.012 


1994-1995 
D0 (e) 
D0 in) 


2.38 ± 0.01 ± 0.22 
2.28 ± 0.04 ± 0.25 


0.235 ± 0.003 ± 0.021 
0.202 ± 0.016 ± 0.026 



Table II: Measured cross section times branching ratio in nb for 
W and Z production based on integrated luminosities of 12.8 
(11.4) pb _1 and 19.7 (18.0) pb -1 for the electron (muon) chan- 
nel for D0 and CDF, respectively for the 1992-1993 data and 
the preliminary D0 results for 75.9 (32.0) pb" 1 of data from 
the 1994-1995 run. 

The ratio of the cross section measurements in which the er- 
ror on the luminosity, common to both the W and Z events, 
completely cancels measures the leptonic branching ratio of the 
11^-boson. It can be used, within the above framework, to ex- 
tract the total width of the VF-boson: 
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Figure 1 : Measurements of the W and Z inclusive cross section 
compared with the theoretical prediction using the CTEQ2M 
parton distribution function. The shaded bands indicate the un- 
certainty on the predictions. 
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Using the SM prediction [|[ for the partial decay width r(T4^ 
iv) the total width Tw is given by 
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T{W -* iv) 
B(Z -» ii) 
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The ratio of the cross sections, using again the calculation of 
[0], is determined to be 3.33 ± 0.03. The error is again domi- 
nated by the choice of parton distribution functions. Note that 
in the ratio the theoretical uncertainties also largely cancel. Us- 
ing, as before, the measured branching ratio B{Z — > ii) — 
(3.366 ± 0.006)% and the theoretical prediction for the par- 
tial decay width T(W -► iv) = 225.2 ± 1.5 MeV @] the W 
leptonic branching ratio, as determined from the combined D0 
electron and muon 1992-1993 data, is (1 1.02 ± 0.5)%; the CDF 
measured branching ratio, based on the 1992-1993 electron data 
is (10.94 ± 0.33 ± 0.31)%. Using the calculated partial lep- 
tonic branching ratio, these measurements yield for the width 
T w = 2.044 ± 0.093 GeV [| and T w = 2.043 ± 0.082 
GeV [|3|], respectively. The CDF value differs from their pub- 
lished value due to the use of more recent experimental mea- 
surements in evaluating the input parameters. Figure || shows 
the world M^-width measurements together with the theoretical 
prediction ||| 

Taking into account that the ratio of the total cross sec- 
tions aw /crz is slightly different at a center of mass energy 
of 630 GeV (a w /a z (Vs = 630 GeV) = 3.26 ± 0.09), and 
accounting for the correlation between the measurements at 
different center of mass energies through the choice of par- 
ton distribution functions, the different values of ITV can be 
combined to give a world average of Tw — 2.062 ± 0.059 
GeV, a measurement at the 3% level. This is in good agree- 
ment with the SM prediction of T(W) = 2.077 ± 0.014 GeV. 
The comparison of the measurement with the theoretical pre- 
diction can be used to set an upper limit on an "excess width" 
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ATw = r^(meas) — r^(SM), allowed by experiment for 
non-SM decay processes, such as decays into supersymmetric 
particles or into heavy quarks. Comparing the above world av- 
erage value of Tw with the SM prediction a 95% C.L. upper 
limit of Ar < 109 MeV on unexpected decays can be set. 
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Figure 2: Measurements of Tw compared with the SM expec- 
tation. 

Since the intermediate vector bosons are produced through 
a Breit-Wigner resonance the line shape of the mass distribu- 
tion contains information about the width of the boson. For 
M^-bosons, the high tail of the transverse mass distribution, 
where the Breit-Wigner shape dominates over the detector res- 
olutions, can be used to extract Tw- Using a binned log- 
likelihood method, CDF has fit the transverse mass]] (my) dis- 
tribution far above the W pole (mj > 110 GeV/c 2 ) to Monte 
Carlo generated templates with varying W- width [JfJJl. Using 
this method the T'F-width has been determined to be Tw — 
2.11±0.28±0.16 GeV, where the systematic error (8%) is dom- 
inated by uncertainties in modelling the W transverse momen- 
tum distribution (6%) and the St resolution (5%). Although the 
precision of this method is currently not competitive with the 
extraction of the width from the ratio of cross sections, it has 
the advantage that it is relatively independent of SM assump- 
tions. 

III. DRELL-YAN PRODUCTION 

One of the unique features of pp collisions is the large range 
of available partonic center of mass energies. This allows for 

1 Transverse mass is defined as the invariant mass of the lepton and the neu- 
trino of the iy-decay in the transverse plane (see section M). 



Drell— Yan differential cross— section 
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Figure 3 : Double differential cross section d 2 a/ dM dy for CDF 
electron and muon data combined. The open symbols are from 
the 88/89 data. The solid symbols correspond to the full Run I 
data. The curves are the theoretical predictions for different A_ 
values. 



a study of the Z line shape through the Drell- Yan process 
(qq — > (7, Z — >) £ + l~) over a large di-lepton invariant mass 
region. The low invariant mass region allows access to the small 
x region of the parton distribution functions down to x = 0.006, 
where x is the fraction of the proton momentum carried by the 
parton. The region well above the Z pole is the region where 
the -fZ interference effects are strongest. A possible substruc- 
ture of the partons would manifest itself most prominently in a 
modification of the interference pattern. Substructure of partons 
is most commonly parametrized in terms of a contact interac- 
tion [[l4j], characterized by a phase, 77, leading to constructive 
(77 = — 1) or destructive interference (i] = +1) with the SM La- 
grangian, and a compositeness scale, A,,, indicative of the en- 
ergy scale at which substructure would be revealed. By fitting 
the di-lepton invariant mass spectrum to various assumptions 
for the compositeness scale and the phase of the interference, 
lower limits on the compositeness scale can be set. 

The CDF experiment has measured the double differential 
Drell- Yan cross section d 2 a/dM dy for electron and muon pairs 
in the mass range 11 < Mu < 150 GeV/c 2 for the Run la 
data [JTJ], and 40 < M u < 550 GeV/c 2 for the Run lb data. 
The di-electron invariant mass spectrum is measured over the 
rapidity interval \rj\ < 1. Due to a more restricted coverage, 
the muon cross section has been determined only over the range 
\rj\ < 0.6 . Figure [}] shows the measured cross section for elec- 
trons and muons combined. The curves correspond to a leading- 
order calculation of the Drell- Yan cross section with in addition 
a contact interaction of left-handed quarks and leptons with pos- 
itive interference for different values of the compositeness scale. 
Higher order effects have been included through the use of a 
constant fc-factor of k = 1.12 . The curve for A_ = 1000 TeV 
indicates the SM prediction. The data is clearly inconsistent 
with low A_ values. Performing a maximum likelihood fit 
yields scale factors for the electron data of A_ > 3.4 TeV, A+ 
> 2.4 TeV and for the muon data of A_ > 3.5 TeV, A+ > 2.9 
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TeV. Combining both channels yields A + > 2.9 TeV and A_ > 
3.8 TeV. This implies that up to a distance of < 10~ 17 cm the 
interacting particles reveal no substructure. 

IV. FORWARD-BACKWARD ASYMMETRY 

Because the left-handed and right-handed coupling of 
fermions to the Z boson are not the same, the angular distri- 
bution of the outgoing fermion with respect to the incoming 
fermion in the parton center of mass frame, has a term linear 
in cos $* Jl6|]. The angular distribution is thus asymmetric and 
will exhibit a forward-backward asymmetry, defined as 
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where <jp is the cross section for fermion production in the for- 
ward hemisphere (0° < ■&* < 90°) and, correspondingly, <tb 
for the backward hemisphere (90° < #* < 180°). Due to the 
changing polarization of the Z boson as function of center of 
mass energy, ^4fb has a strong energy dependence. Since the 
couplings of the fermions to the Z boson depend on the fermion 
weak isospin and charge, ^4fb is different for different initial 
and final states. For the Drell-Yan process pp — ► no dis- 
tinction can be made between uu and dd initial states and there- 
fore the asymmetry measured will be a convolution of both. It 
is interesting to note that this process is the time-reversal of 
the corresponding process at e + e~-machines and the measure- 
ments are complementary. At LEP and SLC the measurements 
are free from parton distribution function uncertainties, whereas 
at the Tevatron, the light quark asymmetries are free from frag- 
mentation uncertainties. 

The CDF experiment has measured Afb using the full Run I 
data set for di-electron final states with \ < 1.1 and \r)e 2 1 < 
2.4 The data sample is divided into two invariant mass 

regions: a pole region, 75 < M ee < 105 GeV/c 2 with 5463 
events and a high mass sample, M ee > 105 GeV/c 2 with 183 
events. Figure Q shows the event count in cos $* for the high 
mass sample. The dashed line is the raw data distribution and 
already shows a clear forward-backward asymmetry. The points 
are the corrected data compared to the SM prediction using the 
MRSA parton distribution function fll8|]. The background in the 
pole-region is dominated by QCD di-jet events where both jets 
either contain or fake an electron. It has been estimated to be 
110 ± 36 events. In the high mass region the background is rel- 
atively small but has a large uncertainty, O^q 1 events, which 
dominates the systematic uncertainty on the measurement in 
this mass region. Because of the finite mass resolution, events 
will migrate between the two mass regions. The deconvolution 
of the mass resolution is performed with a Monte Carlo simula- 
tion and results in a correction on Afb of A^4 FB = +0.07±0.03 
in the high mass region and A^pg = — 0.010±0.003inthepole 
region. The corrections for angular acceptance have also been 
determined from Monte Carlo simulations. The analysis yields 
Ap B = 0.07± 0.016 for 75 < M ee < 105 GeV/c 2 , and Afb = 
0.43 ± 0.10 for M ee > 105 GeV/c 2 , compared to the SM pre- 
dictions of A FB = 0.054 ± 0.001 and A FB = 0.528 ± 0.006, 
respectively. 



Figure 4: Distributions in cos -d* for events from the process 
pp — > Z/'y + X, Z/-f — > e + e~ for the di-electron invariant 
mass region M ee > 105 GeV/c 2 . The points are the fully cor- 
rected data and the line is the SM calculation, normalized to the 
number of events observed in the data. The dashed histogram is 
the raw event count. 



Even though in the high mass region the asymmetry is mea- 
sured with a rather large error, these measurements still serve as 
a probe of extensions of the SM because models with additional 
heavy neutral gauge bosons can substantially alter Afb- For ex- 
ample, Fig. !| from [ |r9| | shows Afb for dd — > e + e~ as function 
of the partonic center of mass energy for the SM (solid line) 
and for various models with an additional neutral heavy gauge 
boson with a mass of 500 GeV/c 2 . A modest event sample at 
a center of mass energy of V§ = Mz> allowing an unambigu- 
ous sign determination of Afb, would already put constraints 
on extended gauge sectors in the SM. 
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Figure 5: Parton level forward-backward asymmetry as function 
of center of mass energy for dd — > e + e~ for the SM (solid line), 
and for models with an additional Z\ (dashed-dotted line), Z x 
(dashed line) or Z^ (dotted line) boson of 500 GeV/c 2 
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V. W-MASS 

The mass of the VF-boson is one of the fundamental parame- 
ters of the SM. A precision measurement of the W^-boson mass 
allows for a stringent test of the radiative corrections in the SM. 
Combined with the measurement of the mass of the top-quark 
and precision measurements from e + e~ and neutrino scatter- 
ing experiments, inconsistencies between the different measure- 
ments can be looked for, possibly indicating processes beyond 
theSM. 

In W events produced in a hadron collider in essence only two 
quantities are measured: the lepton momentum and the trans- 
verse momentum of the recoil system. The latter consists of the 
"hard" M^-recoil and the underlying event contribution. For W- 
events these two are inseparable. The transverse momentum of 
the neutrino is then inferred from these two observables. Since 
the longitudinal momentum of the neutrino cannot be deter- 
mined unambiguously, the W^-boson mass is determined from 
the line shape in transverse mass, defined as 



tut 



2 p T p T (1- cos ip e ") 



Here ip il/ is the angle between the lepton and neutrino in the 
transverse plane. 

Both the transverse mass and lepton transverse momen- 
tum are, by construction, invariant under longitudinal Lorentz 
boosts. The quantity transverse mass is preferred over the lepton 
transverse momentum spectrum because to first order it is inde- 
pendent of the transverse momentum of the W. Under trans- 
verse Lorentz boosts along a direction <p* , tot and p T transform 
as 



M4 



Pt 



M, 



*2 



(3 2 cos 2 (p* M* L 2 



Pt + 2 @ cos ^* ^ w 



Pt 



with M T = M w sin-!?*, M£ = M w costf* and p 
The asterisks indicate quantities in the W rest frame. The lep- 
ton transverse momentum depends linearly on (3 whereas the 
dependence of the transverse mass is second order in f3. The 
disadvantage of using the transverse mass is that it uses the neu- 
trino transverse momentum which is a derived quantity. The 
neutrino transverse momentum is equated to the missing trans- 
verse energy in the event, which is given by 



Et 



-Pt ~ Pt c ~ u T (C) 



where p T ec is the transverse momentum of the VF-recoil and 
ut{£) the transverse energy flow of the underlying event, which 
depends on the luminosity. It then follows that the magnitude 
of the missing Et vector and the true neutrino momentum are 

2 

related as Et — p T + j This relation can be interpreted 
as the definition of the neutrino momentum scale. Note that the 
underlying event gives rise to a bias in the measured neutrino 
momentum with respect to the true neutrino momentum. When 
there are more interactions per crossing \ut \ behaves as a two- 
dimensional random walk and is proportional to \[Tc, where 



Ic is the number of interactions per crossing. The shift in mea- 
sured neutrino momentum is thus directly proportional to the 
number of interactions per crossing. The resolution increases as 
\flc- At high luminosities alternate methods to determine the 
VF-mass may therefore be advantageous [|2C||. 

Since there is no analytic description of the transverse mass 
distribution, the VK-mass is determined by fitting Monte Carlo 
generated templates in transverse mass for different masses of 
the W^-boson to the data distribution. This distribution exhibits a 
Jacobian edge characteristic of two-body decays which contains 
most of the mass information. For the M^-mass determination 
both the energy scale for the lepton and recoil system, which de- 
termine the peak position of the transverse mass distribution, as 
well as the resolutions on the measured variables, which control 
the steepness of the Jacobian edge, are crucial. 

The CDF mass analysis discussed here is based on the Run la 
data [21 1. The D0 mass analysis also includes a preliminary 
result from the Run lb data [22|. In the CDF VF-mass analy- 



sis the momentum scale of the central magnetic tracker is set 
by scaling the measured J/^-mass to the world average value 
using J/tp — > decays. Based on a sample of approxi- 

mately 60,000 events a scale factor of 0.99984 ± 0.00052 has 
been derived. The dominant contribution to the error comes 
from the uncertainty in the amount of material the muons tra- 
verse. This procedure establishes the momentum scale at the 
J / ^-mass, where the average muon pt is about 3 Ge V/c, and 
needs to be extrapolated to the momentum range appropriate for 
leptons from VF-decays. The error due to possible nonlinearities 
in the momentum scale is addressed by studying the measured 
J/^-mass as function of (l/p T ), extrapolated to zero curvature. 
This extrapolation, which includes an uncertainty on a possible 
non-linearity of the momentum measurement, increases the er- 
ror on the momentum scale to 0.00058 at the M^-mass. This 
results in an error on the VF-mass of 50 Me V/c 2 . 

Having established the momentum scale, the calorimeter en- 
ergy scale is determined from a line shape comparison of the 
observed E/p distribution with a detailed Monte Carlo predic- 
tion as shown in Fig. ^. A two-dimensional fit of Monte Carlo 
generated E/p distributions in the energy scale and the electron 
momentum resolution is used to establish the absolute calorime- 
ter energy scale. The scale factor is extracted from a fit over the 
range 0.9 < E/p < 1.1. Since the momentum measurement 
is very sensitive to bremsstrahlung effects, the energy scale de- 
termination is critically dependent on an accurate modelling of 
the amount of material the electrons traverse. Using the ratio 
of events in the region 1.3 < E/p < 2.0 to the events in the 
range 0.8 < E/p < 1.2 the amount of material is determined 
to be (8.9±0.9)% Xq, consistent with independent checks using 
photon conversions and Z-events but slightly higher than from 
a direct accounting of the material. The limited statistics in the 
high E/p region is the dominant source of the systematic error 
on the amount of material traversed by electrons and thus on 
the energy scale determination. The uncertainty of 10% on the 
amount of material in front of the calorimeter contributes a 70 
Me V/c 2 uncertainty on the VF-mass. The other two main contri- 
butions to the total energy scale error are a 65 Me V/c 2 error due 
to the statistics in the E/p-peak and a 50 Me V/c 2 error from 
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Figure 6: The E/p distribution for electrons in the VK-sample 
(points) with the best fit from the simulation (histogram). 



the uncertainty on the electron resolution. The total error on 
the W^-mass from setting the energy scale using the momentum 
scale is thus 110 MeV/c 2 which, combined with the 50 MeV/c 2 
momentum scale uncertainty, gives a total energy scale uncer- 
tainty on the W^-mass of 120 MeV/c 2 for the measurement using 
W — > ev decays. 

The energy and momentum scales are verified by measuring 
the masses of known resonances, the Z-mass and the masses 
of the T resonances. They are all in good agreement with the 
world average values. The width of the Z-resonance provides a 
constraint on the momentum resolution that results in a system- 
atic error on the Vt^-mass from the uncertainty on the momen- 
tum and energy resolution of 60 MeV/c 2 and 80 MeV/c 2 for the 
muon and electron measurement, respectively. The hadronic 
energy scale does not need to be determined separately since 
Z — > e + e~ collider events are used to model the W -recoil sys- 
tem. 

At D0 the T'F-mass is measured from W — > ev decays. The 
electromagnetic (EM) energy scale is determined by calibrating 
to the Z — > ee resonance. Since the absolute energy scale of the 
EM calorimeter is not known with the required precision, the 
ratio of the measured W and Z masses and the world average 
Z mass are used to determine the W boson mass. The W mass 
measured is de facto the ratio of the measured W and Z mass, 
scaled to the LEP Z mass: M w = x Af| EP . A number of 

M z 

systematic effects, common to both measurements, cancel in the 
ratio. Most notably, as shall be discussed in more detail below, 
the ratio is to first order insensitive to the absolute energy scale. 

Test beam measurements have demonstrated the EM 
calorimeter to be linear to better than 0.5% for electron ener- 
gies exceeding 10 GeV. To establish the energy scale with the 
precision required for this measurement, it is necessary to deter- 
mine to which extent a potential offset in the energy response, 
as opposed to a scale factor, is responsible for the deviation of 

M D0 

the ratio M f EP from unity. This was achieved by combining 

the measured Z mass with the measurements of tt° — > 77 and 
J/ip — ► e + e~ decays and comparing them to their known val- 
ues [[[3]]. If the electron energy measured in the calorimeter 



and its true energy are related by E mcaa — a E tIUC + 6, the 
measured and true mass values are, to first order, related by 
m meas = ol TOtruc + 8 f. The variable / depends on the de- 
cay topology and is given by f — 2 (^ 1 +- E2 ) sin 2 7/2, where 7 
is the opening angle between the two decay products and E\ 
and E2 are their measured energies. 

% I xVndf 83.92 / 97 
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Figure 7: The M sy m mass spectrum obtained from 7r° — > 77 
decays. 

Figure ^ shows the background subtracted mass spectrum of 
the decay ir° — > 77. The two photons in the decay of the neu- 
tral pion are not resolved in the calorimeter, but by selecting 
events in which both 7's convert into an e + e~-pair, and pro- 
duce distinctive doubly ionizing tracks in the central detector, 
the opening angle can be reconstructed. The "mass" plotted in 
Fig. [7] (data points with error bars) is 

■& 

M sym — E-shi—, (1) 

where E is the cluster energy, equal to the sum of the pho- 
ton energies, and i9 is the opening angle of the two photons. 
M sym is equal to the invariant mass for symmetric decays. The 
shape compares well with the Monte Carlo simulation shown 
as the solid line. The measured mass is M T o = (135.4 ± 
10.0) MeV/c 2 . The sensitivity to the energy scale and offset is 
determined by varying both parameters in a Monte Carlo simu- 
lation and performing a \ 2 fit to the data. This procedure maps 
out an allowed region in the (a, <5)-plane shown as the dashed 
line in Fig. [| 

Similarly, a J/ip signal with a significance of about 5a has 
been extracted from the data, which yields an additional, inde- 
pendent constraint on a and S (dashed-dotted line in Fig. |^). 
The strongest constraint on the energy scale uncertainty comes 
from the Z data. The fact that electrons from Z decays are 
not monochromatic is exploited by studying the invariant mass 
distribution as function of the variable /. Small values of / cor- 
respond to the decay of highly boosted Z bosons with, on aver- 
age, higher energies. The dependence of the observed Z boson 
mass as function of / thus directly translates into a constraint 
on the energy scale and offset, shown as the solid line in Fig. 0. 
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Each of the mass states has a different sensitivity to a and 6 
and, taken together, provide a powerful tool for establishing the 
energy scale in situ. When combined, these three constraints 
limit a and <5 to the shaded elliptical region. Test beam mea- 
surements permit a small nonlinear term in the energy response, 
which affects both a and 5 and alters the ratio Mw/Mz largely 
through the effect on 5. The allowed region in the (a, <5)-plane 
when nonlinearities are included is indicated by the dotted line 
in Fig. § 

Using the measured masses for the observed resonances, the 
energy scale factor determined for the Run la data is a = 
0.9514 ± 0.0018±°;°°6i and the offset is S = (-0.158 ± 
0.015lg2i) GeV, where the asymmetric errors are due to possi- 
ble calorimeter nonlinearities. The measured offset is consistent 
with that determined from test beam data, and has been con- 
firmed by a detailed Monte Carlo study of energy loss in the 
central detectors. The dependence of the measured ratio of the 
W mass to Z mass on a and 8 may be estimated from 



M w (a, 5) 



M z (a,S) 
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x 5 fwM z 
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It should be noted that the W mass is insensitive to a if 8 = 0. 
The offset results in a 5 MeV/c 2 correction to the measured 
W mass. The uncertainty on the absolute energy scale re- 
sults, for the Run la data sample, in an uncertainty on M\y 
of 160 MeV/c 2 , of which 150 MeV/c 2 is due to the limited Z 
statistics. For the Run lb data sample, with a total integrated 
luminosity of approximately 76 pb _1 , the energy scale uncer- 
tainty on the W mass is 80 MeV/c 2 . 




Figure 8: Constraints on slope a and intercept 5 from observed 
J/ip — ► e + e~ (dashed-dotted line), 7r° — > 77 (dashed line), 
and Z — > e + e~ decays (solid line). The shaded inner contour 
shows the combined result. The dotted line indicates the al- 
lowed area when nonlinear terms, as constrained by test beam 
measurements, are included. 

The W event sample is selected by placing very stringent 
kinematic and fiducial cuts. Both the CDF and D0 mass anal- 
yses are currently based on event samples with central leptons 
only. The main difference in event selection is the treatment of 
the hadronic activity in the event. The CDF event selection ex- 
cludes events with jets with Et > 30 GeV. In addition p^ is 
required to be less than 20 GeV/c, whereas D0 only requires 



p^ < 30 GeV/c. These sets of selection criteria yield event 
samples of 8049 and 4663 events for the electron and muon de- 
cays, respectively, for CDF and 7234 W — > ev decays for the 
la and 32856 for the lb data set for D0. 

The PF-mass is then determined from a maximum likelihood 
fit of Monte Carlo generated templates in transverse mass to the 
data distributions. In the Monte Carlo model of W^-production, 
events are generated according to a relativistic Breit-Wigner res- 
onance, with a longitudinal momentum distribution as given by 
the chosen parton distribution function. The CDF choice for 
nominal parton distribution function is the MRSD'- pdf jl^]. In 
their model the transverse momentum of the W is generated ac- 
cording to the measured px distribution of Z-events. This pro- 
cedure can be justified because of the similarity between W and 
Z-production and because there are large uncertainties, both 
theoretical as well as experimental, on the W p^-distribution. 
The procedure has an added advantage that the recoil system 
does not need to be modeled independently, since it is taken di- 
rectly from Z-events with the two leptons removed. This recoil 
distribution from Z-events is corrected for the lepton removal 
and modified to match data and Monte Carlo with respect to the 
width of the distribution of the projection of the pr of the recoil 
system perpendicular to the lepton direction. The disadvantage 
of the method is that very few events (555 events to be precise) 
are used to model the recoil with a slightly different acceptance 
than for M^-events, and it ignores the correlation between the 
transverse and longitudinal momenta and the difference in mass 
between the W and Z-bosons. 

The D0 experiment generates W bosons using the double 
differential production cross section in pt and rapidity cal- 
culated at next to leading order p4[ ] using the MRSA par- 
ton distribution functions [n8D, thus including the correlation 
between the longitudinal and transverse momentum. Mini- 
mum bias events are used to model the underlying event, mim- 
icking the debris in the event due to spectator parton inter- 
actions and the pile-up associated with multiple interactions, 
and including the residual energy from previous beam cross- 
ings. The relative response of the hadronic and EM calorime- 
ters is established by studying Z events. To ensure an equiv- 
alent event topology between the W and Z events, Z decays 
in which one electron is in the end calorimeter are included 
in this study. The transverse momentum balance in Z events 
is given by p T x + p T 2 + p T ec + ut = — Et- One finds for 
the average {p^ 1 + p T 2 + E T \ 2 = k 2 \p T e \ 2 + \ut\ 2 assum- 
ing \p T ec \ = k\pj?\, where p T e is the transverse momentum 
of the Z measured from the two electrons. The cross term on 
the right hand side averages to zero since the underlying event 
vector is randomly distributed with respect to the Z recoil sys- 
tem. Figure shows the distribution of \p T ^ + p T 2 + Et\ 2 
versus \p T e | 2 . The data shows a linear relation between the EM 
and hadronic energy scale, and yields n = 0.83 ± 0.04. The 
intercept yields the magnitude of the underlying event vector, 
\ut\ = 4.3 ± 0.3 GeV/c, consistent with the value obtained 
from minimum bias events. The uncertainty on Myy due to the 
uncertainty on the hadronic energy scale is 50 MeV/c 2 for the 
Run la data. 

The modeling of the recoil and underlying event are verified 
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Figure 9: a) Distribution of \p!j} + p T 2 + Sjt | 2 versus \p T e | 2 for 
Z events; b) Sensitivity of the width of the distribution in p T e + 
p T ec + ut, projected along the bi-sector of the two electrons, 
on the number of minimum bias events. The band corresponds 
to the ±1(7 uncertainty on this measurement. 
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Figure 10: D0 transverse mass distribution ofW—*ev decays 
collected during the 1994-1995 run. The points are the data and 
the line is the best fit. 



and constrained by comparing the px of the Z obtained from the 
two electrons, p^ e , to that obtained from the rest of the event: 
—pjp ec — ut- To minimize the contribution from the electron 
energy resolution, the vector sum of these two quantities is pro- 
jected along the bisector of the two electron directions. Since 
ut is randomly oriented and has a magnitude ~ , the width 
of the distribution is sensitive to the underlying event contribu- 
tion while the mean is largely unaffected. The sensitivity of the 
width of this distribution to the mean number of minimum bias 
events that mimic the underlying event is determined by vary- 
ing the number of minimum bias events in the Monte Carlo, as 
shown by the points in Fig. ^b. For the la data, the number of 
minimum bias events preferred is 0.98 ± 0.06, consistent with 
one. The uncertainty on Mw from the underlying event model 
is60MeV/c 2 . 

The mass of the W is obtained from a maximum likeli- 
hood fit over the transverse mass range 65 < % < 100 
GeV/c 2 (60 < m T < 90 GeV/c 2 ) for CDF (D0). Figures |o| 
and [IT] show the transverse mass distributions for the data to- 
gether with the best fit of the Monte Carlo for the Run lb elec- 
tron data for D0 and for the muon and electron channel for 
Run la for CDF, respectively. The W^-mass is determined to 
be = 80.310 ± 0.205{stat) ± 0.130(sys) GeV/c 2 based 
on 3268 W — > [iv events in the mass fitting window and 
Mfo = 80.490 ± O.U5(stat) ± 0.175(sys) GeV/c 2 based on 
57 18 events for CDF. D0 finds = 80.350±0.140 (stat.)± 
0.165 (syst.) ± 0.160 (scale) GeV/c 2 based on 5982 events 
in the mass fitting window using the la data, and = 
80.380 ±0.070 (stat.) ±0.130 (syst.) ± 0.080 (scale) GeV/c 2 
based on 27040 events for the lb data. Table |l| lists the sys- 
tematic errors on the individual measurements and the common 
errors. 

The dominant theoretical uncertainty in this measurement 
comes from the p^ model and the uncertainty on the proton 
structure. Parton distributions and the spectrum in p^ are cor- 
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Figure 1 1 : Transverse mass distribution ofW-^eis (top) and 
W — > fiis (bottom) decays from CDF. The points are the data 
and the histogram is the best fit to the data. The arrows indicate 
the range used to extract the VK-mass. 



related. The D0 experiment has addressed this correlation in the 
determination of its uncertainty on the W mass. In their analysis 
new parametrizations of the CTEQ 3M parton distribution func- 
tion were obtained that included in the fit the CDF W asymme- 
try data from Run la [S], where all data points had been moved 
coherently up or down by one standard deviation. In addition 
one of the parameters, which describes the Q 2 -dependence of 
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Table III: Errors on M w in MeV/c 2 . 



the parametrization of the non-perturbative functions describ- 
ing the pip spectrum [|4j|, was varied. The constraint on this 
parameter was provided by the measurement of the p^, spec- 
trum. The uncertainty due to parton distribution functions and 
the p^ input spectrum was then assessed by varying simultane- 
ously these new parton distribution function and the parameter 
describing the non-perturbative part of the p^ spectrum. A to- 
tal error on the ly-mass of 65 MeV/c 2 has been assigned due to 
these uncertainties. 

The CDF experiment uses their measurement of the W charge 
asymmetry as the sole constraint on the uncertainty due to the 
p^ and parton distribution functions. Figure shows the cor- 
relation between AMw and the significance of the deviation 
of the theoretical prediction for the T'K-asymmetry and the data 
for the electron and muon channel separately (cf. eq. (Q)). The 
uncertainty on Mw is taken to be the symmetrized spread in 
masses for -2 < ( < 2, being 50 MeV/c 2 . 

Combining [ |2q] these measurements with previous W mass 
measurements [[27]], assuming the only correlated uncertainty 
between the measurements is due to the parton distribu- 
tion functions, gives a world average of Mw = 80.356 ± 
0.125 GeV/c 2 . 

An indirect measurement of the W-mass, through the mea- 
surement of the weak mixing angle sin 2 dw* is obtained from 
the study of deep inelastic scattering experiments. The 
CCFR experiment studies i^-nucleon interactions and the ra- 
tio of charged and neutral current cross sections provides a di- 
rect measurement of the weak mixing angle. The cross sec- 
tions have large contributions from electroweak radiative cor- 
rections. In the "on shell" scheme, however, where sin 2 dw 
is defined as 1 — -jffi- to all orders, these corrections largely 
cancel in the ratio, thus reducing the dependence on the top 
mass and Higgs mass significantly and providing an indirect 
measurement of Mw- A preliminary value of sin 2 §w = 
0.2213 ± 0.0021(stat.) ± 0.0027(syst.) ± 0.0034(model) has 
been reported [[28|], corresponding to a W mass value of Mw — 



100 
75 
50 
25 

-25 
-50 
-75 
-100 
-125 
-150 
75 
50 
25 

-25 
-50 
-75 
-100 
-125 
-150 



- (a) W -> sv 


1 1 


i 1 i 

. *' 

• MRS "MRS (A) - 

:>GRV * MT B1 

' CTEQ 1 M t CTEQ 2M - 

! 1 — 1 1 — 1 — 


■ — i — — i — — i — 
- (b) W 

, 1,1, 


' — 1 — — 1 — 
i 






-6 -4 -2 
{ 



Figure 12: Correlation between AMw and £, the significance 
of the difference between data and theory for the M^-charge 
asymmetry, for various parton distribution functions for the (a) 
W — > ev- and (b) W — > ^-sample. The nominal mass mea- 
surement uses the MRSD'— parton distribution function. 



(80.46 ± 0.25) GeV/c 2 . The largest contribution to the sys- 
tematic uncertainty comes from the uncertainty on the flux of 
background v e 's. The model uncertainty is dominated by the 
turn-on of the charm quark production cross section. The lat- 
ter uncertainty is expected to be reduced substantially with the 
follow-up experiment NuTe V, which will be able to measure the 
cross sections with neutrino and anti-neutrino beams separately. 
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VI. ^-CHARGE ASYMMETRY 

As Fig. |l2| shows, the W mass is strongly correlated with the 
parton distribution functions. The parton distribution functions 
can be constrained at the appropriate Q 2 -scale by measuring 
the charge asymmetry in VF-production itself. The two, partly 
compensating, sources that contribute to the W^-charge asym- 
metry are the production and decay processes. Since on average 
a u-quark carries more momentum than a e?-quark, more W + - 
bosons are produced along the proton direction than along the 
anti-proton direction resulting in a production charge asymme- 
try defined as 



A(y w ) 



dN+{y w )/dy - dN-(y w )/dy 
dN+{y w )/dy + dN-(y w )/dy 



The W^-rapidity, yw, however, cannot be reconstructed unam- 
biguously because of the two-fold ambiguity in the longitudinal 
momentum of the neutrino. The quantity that is measured ex- 
perimentally is the decay lepton charge asymmetry, defined as 



Myt 



dN+(y e )/dy e - dN-(y e )/dy e 
dN+(y e )/dy e + dN-(y t )/dyi 



where is the number of positively (negatively) charged 

leptons detected at pseudorapidity ye. Since the rapidity of the 
decay lepton is measured, there is an additional contribution 
from the V — A coupling of the W. Since W -bosons are pro- 
duced through qq annihilation they are almost fully polarized 
and the lepton from, for example, the W + -decay is preferen- 
tially emitted along the anti-proton direction, which partially 
undoes the production asymmetry. Because of CP symmetry, 
A(+y) = — A(—y), the measured asymmetries at positive and 
negative rapidities can be combined to get a statistically more 
powerful measurement. The V — A structure of the M^-decay 
is very well understood. Thus, the charge asymmetry measure- 
ment can be used to probe the structure of the proton in the x 
range 0.007 to 0.27 . 

The CDF experiment, based on an integrated luminosity of 
about 20 pb _1 measured the charge asymmetry for VF-decays 
into electrons and muons and constrained the then current par- 
ton distribution functions [^5| . The lepton pseudorapidity range 
in that analysis was \q\ < 1.0 for muons and \rj\ < 2.4 for elec- 
trons. It was limited by the rapidity coverage provided by the 
central tracking chamber. The analysis has been updated |^] 
using the full Run 1 data set with a total integrated luminos- 
ity of 110 pb _1 . The rapidity coverage for muons has been 
extended by utilizing the forward muon toroids pC| ] covering 
1.95 < \r)\ < 3.6, which collected 72 pb _1 of data. The effi- 
ciency for electrons in the plug calorimeter (1.1 < 1 77 1 < 2.4) 
was also substantially improved. In the previous analysis only 
the central tracking chamber was used in the electron identifi- 
cation. Because of the limited coverage of this tracking sys- 
tem almost no tracks were reconstructed beyond \rj\ s» 1.8. 
In the new analysis, utilizing the silicon vertex detector (SVX) 
and the vertex chamber, an average track finding efficiency of 
60%, almost uniform in 77, has been obtained out to rapidities of 
1 77 1 » 2.3 . For the high 77 region, though, the electron charge 



>. 

< 



J3 




Run 1A+1B =111 pb 1 Central+Plug(e+u) 
Run 1B(1994-Aug. 1995) -72 pb~' FMU 



-0.2 — 
0.0 



Lepton Rapidity] 



Figure 13: CDF Run I measured lepton charge asymmetry from 
W — > Iv events compared to NLO predictions for different par- 
ton distribution functions. 



cannot be determined by the tracking system alone. In this re- 
gion the charge is determined from a comparison of the (p-angle 
as determined from the SVX track, and from the calorimeter 
energy deposition. At the location of the calorimeter an aver- 
age displacement of 0.5 cm is expected in the pseudorapidity 
range 1.2 < |?7| < 1.8, which is measured with a resolution of 
0.15 cm. 

Figure |l3| shows the measured asymmetry as a function of the 
lepton rapidity together with the theoretical prediction for dif- 
ferent parton distribution functions. The predictions were ob- 
tained using the DYRAD NLO Monte Carlo [||]. Compared 
to the previous analysis the new measurements at high rapidity 
should be noted. Since the measurement is a ratio measurement, 
many systematic errors cancel and the total systematic error is 
about 20% of the statistical error. 

The asymmetry measurement provides an independent dis- 
criminant between different parton distribution functions. The 
disagreement between theory and experiment can be quantified 
by defining the significance of the disagreement between the 
weighted mean asymmetry (^4) from theory and experiment as 
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The £ values listed in Table |[v| seem to prefer the recent 
MRS parton distribution functions [|l8|] over other distribu- 
tions [||, [32p . The constraint which the W charge asymmetry 
provides on the uncertainty on the W mass measurement, how- 
ever, is not expected to scale with event statistics, since the mea- 
surement is mainly sensitive to the slope of the ratio of the u and 
d parton distribution functions and does not probe the full pa- 
rameter range describing them. 

VII. RARE W DECAYS 

The study of rare decays provides a precision test of the un- 
derlying theory since in general the predictions of rare decay 
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Table IV: Comparison between measured and predicted asym- 
metry for different parton distribution functions. 



rates involve higher order calculations. W decays into a pseu- 
doscalar meson and a photon, W — > Pj, are particularly at- 
tractive since they are sensitive to new physics which affects the 
WW^y vertex. A search for W — > Pj decays thus complements 
di-boson analyses described in detail in the following section. 

Currently, experiments have only looked for the rare decay 
W — > 7T7 [34[ [35]] with the strongest limit coming from the 
latest CDF analysis. In this analysis, based on an integrated 
luminosity of 16.7 pb _1 , events were selected with an ener- 
getic photon and a single central jet with Et > 15 GeV with a 
matching isolated track. The track was required to have pt > 
15 GeV/c with no other charged tracks with pt > 1 GeV/c 
in a cone of radius AR = 0.7. By initially not placing a cut 
on the electromagnetic fraction of the pion jet, the sample is 
dominated by isolated electrons and permits measurement of 
many of the efficiencies from the data itself. In the final se- 
lection the electromagnetic fraction of the jet is required to 
be less than 80% of the total jet energy, and a sample of 79 
events remains (see Fig. 14) with one event in the search region 
\M(irj) - M w \ < 8.1 GeV/c 2 . 

The background, primarily coming from jet production with 
the jet opposite the photon candidate fragmenting into a single 
charged particle, possibly associated with neutrals, has been es- 
timated to be 2.6 ± 1.0 ± 1.3 events in the mass window. The 
one event observed is thus consistent with background. With- 
out background subtraction, the 95% confidence level limit is 
4.9 events. Using the measured W production cross section, 
this results in a 95% CL upper limit on the partial decay width 
of 



= 7) 



T(W 



< 2 • 10' 



to be compared with the theoretical prediction of [|36j T(W —> 

?r ± 7)/r(W -> ev) ~ 3 • 10~ 8 . 

VIII. GAUGE BOSON PAIR PRODUCTION 

Similar to a study of rare decays of vector bosons, a study 
of the magnetic dipole and electric quadrupole moments of the 
W boson probes the W interaction vertex. The non-Abelian 
SU{2) x U(l) gauge symmetry of the SM implies that the 
gauge bosons self-interact. These self-interactions give rise to 
very subtle interference effects in the SM and the couplings are 
uniquely determined by the gauge symmetry in order to pre- 
serve unitarity. The magnetic dipole and electric quadrupole 
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Figure 14: The CDF distribution in M(wy) for the search for the 
rare decay W — ► ^7. The arrows indicate the search window. 
The Gaussian, centered at Mw, corresponds to the 95% CL 
limit of 4.9 events. 



moments of the W are, in the SM at tree level, given by: 



Qw — 



'■\v 



The most general effective electroweak Lagrangian, invariant 
under J7(1)em> however, contains eight independent coupling 
parameters, the CP-conserving parameters Ky and Ay and the 
CP-violating parameters ky and Ay, where V = 7 or Z. The 
CP-conserving parameters are related to the magnetic dipole 
iHw) and electric quadrupole (Q^y) moments of the W boson, 
while the CP-violating parameters are related to the electric 
dipole (dw) and the magnetic quadrupole {Qw) moments [|37|] : 

fJ'W = (e/2miy)(l + k 7 + A 7 ) , 

Qw = (^ e / m w)( K J ~ ^7) > 
dw = (e/2mw)(K 7 + A 7 ) , 
Qw = (-e/m^)(K 7 - A 7 ) . 

In the SM the couplings at tree level are given by Ky = 1 
(A«:y=Ky-l=0), Ay=Ky=Ay=0. Because of the similarity of 
the CP-conserving and CP-violating terms in the Lagrangian, 
the kinematic behavior of these terms is similar and the lim- 
its on both sets of anomalous couplings will be approximately 
the same. Therefore CP-violating terms will not be discussed 
explicitly. Also, unless stated, it will be assumed that Ak 7 = 
Akz and A 7 = Xz- 

A direct measurement of the moments of the W boson, and 
thus of the gauge boson self-interactions, is possible through the 
study of gauge boson pair production. The cross sections for 
di-boson production, however, are all extremely small. For ex- 
ample, the predicted cross section times branching ratio for W- 
pair production with WW — > tlvv (I = e, jj) is about 0.5 pb 
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and large integrated luminosities would be needed for a signif- 
icant measurement of the gauge couplings. The SM process 
of W^-pair production, however, is characterized by large can- 
cellations between the s and t channel production processes. 
The contributions from the t channel diagrams by themselves 
would violate unitarity. This implies that if the couplings de- 
viate even modestly from their SM values, the gauge cancella- 
tions are destroyed and a large increase of the cross section is 
observed. Moreover, the differential distributions will be mod- 
ified giving rise to gauge bosons with a large transverse boost 
since the largest gauge cancellations occur for highly boosted 
bosons. 

A WWV interaction Lagrangian with constant anomalous 
couplings would thus violate unitarity at high energies and 
therefore the coupling parameters must be modified to include 
form factors [f|], that is, Ak(s) = Ak/(1 + s/A 2 ) 2 and 
A(s) = A/(l + s/A 2 ) 2 , where s is the square of the center 
of mass energy of the subprocess. A is a unitarity preserving 
form factor scale and indicates the scale at which the SM pre- 
dictions are probed. In the next subsections different types of 
gauge boson pair production will be discussed. 

A. W Pair Production 



CDF Preliminary (108 pb ') 



D0 has searched for 14^-boson pair production pp — > WW + 



X 



ti'vv 1 (W = ee/e/Vw*) 



The standard selec- 



tion criteria for VF-events have an overall efficiency for Re- 
pair production of w 0.07 and with an integrated luminosity 
of C « 14 pb -1 0.47 ± 0.07 events are expected from SM 
processes. The most significant background to this process is 
tt production. Because of the additional two 6-jets in it events, 
this background can be eliminated in a straightforward way by 
a cut on the hadronic activity in the event. D0 applies a cut on 
the p T of the WW -system, Eijl AD = \ - (E* 1 + E e T 2 + Er)\, 
which is required to be less than 40 GeV. This requirement re- 
jects about 75% of the background and has an efficiency of 
95% for the expected WW signal. The searches in the eevv, 
e\ivv and mxvv channels yield one signal event with an antic- 
ipated background of 0.56 ±0.13 events. An upper limit on 
the W^-pair production cross section of a(WW) < 87pb _1 has 
been set at 95% CL. 

With larger integrated luminosities it is possible to measure 
the M^-pair production cross section. Based on an integrated lu- 
minosity of £ = 108 pb -1 CDF has done an analysis similar to 
the D0 analysis searching for W^-pairs in the di-lepton channel 
using a jet veto, that is, events with jets with Et > 10 GeV are 
rejected. The selection yields 5 signal events on a background 
of 1.2 ± 0.3 events. The measured T'K-pair production cross 
section is a(pp -> WW) = (10.2±fl ± 1.6) pb, where the 
SM predicts (t S m(pp -» WW) = (9.5 ± 1.0) pb. It should be 
pointed out that the smallness of the cross sections in itself is a 
beautiful demonstration of the gauge cancellations in the SM. 

Since the cross section increases very rapidly when the cou- 
plings deviate from their SM values, the measured 95% CL up- 
per limit on the cross section can be used to set limits on anoma- 
lous couplings. Figure |l5| shows the CDF 95% CL exclusion 
contours in Ak and A for two different form factor scales, as- 



< o 



WW —>Mv 




A = 1 TeV at 95% CL (outer) 
A = 2 TeV at 95% CL (inner) 



_L 



_L 



_L 



o 

Ak 



Figure 15: CDF exclusion contours in Ak and A obtained from 
the measurement of the VF-pair production cross section in the 
di-lepton channel for two different form factor scales, assuming 
A 7 = Xz and Ak 7 = Akz- 



suming A 7 = Xz and Ak 7 = Akz- It is customary to quote 
limits on only one coupling, keeping the other couplings fixed 
to their SM value. These, so called, axis limits for a form fac- 
tor scale of A = 2 TeV are -1.0 < Ak < 1.3 (A = 0), 
-0.9 < A < 0.9 (Ak = 0) for the CDF analysis, under the 
assumption that A 7 = Xz and Ak 7 = Akz- 

B. WW and WZ Production 

Searches for particle production requiring two leptons in the 
final state always suffer in rate because of the small leptonic 
branching ratios. When in the analysis described in the pre- 
vious subsection only one lepton is required, a substantial in- 
crease in event rate is obtained though at the cost of a much 
larger background. The background from W/Z+jet production 
to these processes is about 30 times higher than for the signal 
production. Given the distinct characteristics of anomalous cou- 
plings, this background can be dealt with. Anomalous couplings 
modify the differential distributions dramatically, especially the 
transverse momentum distribution of the VK-boson. The ratio 
o-ww (pj -200 GcV/c) j s a k out io~ 3 , whereas for only modest 

"w w(Pt =20 GeV/c) J 

deviations from SM couplings (Ak = 0, A = 1.0) this ratio is 
about 0.5. By requiring the vector boson to have high transverse 
momentum the background is completely eliminated and a good 
sensitivity to anomalous couplings is retained. One completely 
loses sensitivity, however, to SM W^W^/VKZ-production. 

Both CDF and D0 have looked for WW and VFZ-production 
using hadronic decay channels [[l0| ^TJ. The CDF analysis pro- 
ceeds by selecting events with one high px lepton, large Et and 
2 jets with Et > 30 GeV. Since the jets come from the hadronic 
decay of the gauge boson, their invariant mass is required to 
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be consistent with the gauge boson mass, 60 < rrijj < 110 
GeV/c 2 . Since no distinction can be made between WW and 
iyZ-production in this selection, the sensitivity of the study 
was increased by including pp — > WZ — ► qq'tt events, re- 
quiring the di-lepton invariant mass to reconstruct to the Z- 
boson mass. In the data sample, corresponding to a total in- 
tegrated luminosity of 110 pb _1 , no events are observed with 
> 200 GeV/c in the search region 60 < rrijj < 110 
GeV/c 2 . A background of 0.8 events from W/Z+jet events is 
expected and 0. 1 events are predicted from SM processes. Lim- 
its on anomalous couplings can then be set based on the event 
rate yielding, for A = 2 TeV, 

-0.5 < Ak < 0.6 (A = 0) 
-0.4 < A < 0.3 (Ak = 0) . 

The D0 experiment has performed a similar analysis based 
on their Run la data sample of 14 pb _1 , using only W — > ev 
decays. The leptonic decays of the Z are not considered in this 
analysis. Since gauge bosons produced from anomalous self- 
interactions tend to have high pr, the jets from such a high pr 
W or Z boson may not be well separated in space. In order 
to maximize the detection efficiency of W and Z bosons with 
high px, a small jet cone size of AR = 0.3 was used in this 
analysis. The detection efficiency for hadronic decays of W 
and Z bosons was estimated as a function of pt using Monte 
Carlo. The detection efficiency was found to be ~60%, approx- 
imately constant up to p J j! = 350 GeV/c. Differences in the es- 
timated efficiencies from different Monte Carlo generators were 
included in the systematic uncertainty. The pf^f spectrum of the 
final event sample of 84 events is of course dominated by back- 
ground. The total number of background events was estimated 
to be 75.5 ± 13.3, with 12.2 ± 2.6 events coming from QCD 
multi-jet events and 62.2 ± 13.0 from W+jet events. The re- 
maining small background is mainly due to it production. The 
SM prediction for WW/WZ production was 3.2 ± 0.6 events. 

Because anomalous couplings not only affect the event rate 
but also significantly alter differential distributions, better lim- 
its on anomalous couplings are obtained when utilizing the full 
spectrum. D0 has performed a maximum likelihood fit to the 
p^ spectrum and, assuming equal WWZ and WWj cou- 
plings, obtained the following limits at 95% confidence level: 

-0.9<Ak<1.1 (A = 0) 
-0.6 < A < 0.7 (Ak = 0) , 

using A = 1.5 TeV. Comparing these limits to those obtained by 
CDF for the same process, but with five times the statistics using 
both electron and muon decays, shows the additional constraint 
that can obtained from the shape of the distribution. 

Since this analysis probes both WWj and WWZ couplings, 
information can be obtained on the WWZ coupling alone by 
setting the WW~/ couplings to their SM values. Fig. [lq a shows 
the contour limits when SM WW^f couplings are assumed, 
whereas the WWZ coupling was set to its SM value in Fig. [l6| b. 
The contours indicate that the analysis is more sensitive to the 
WWZ coupling than the WWj coupling as expected from the 
larger coupling strength of the WWZ vertex. Also notewor- 
thy is the observation that the data confirms the existence of the 
WWZ vertex. 
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Figure 16: Contour limits on anomalous coupling parameters at 
the 95% CL (inner curves) and unitarity contours (outer curves) 
for D0 assuming A = 1.5 TeV for the process WW/WZ — > 
evjj. SM couplings have been assumed for (a) WW-f and (b) 
WWZ vertex. 



C. Production 

The study of the production of photons in association with a 
W also permits a study of the WWj-vertex @^3j 0. Most 
photons produced in association with a W, however, are radi- 
ated off the initial or final state fermion. The only channel that 
allows for a direct probe of the triple gauge boson vertex is the 
s-channel contribution of a photon radiated from a W. In the 
analyses W-y events are selected by requiring, in addition to the 
regular W selection criteria, an isolated photon with transverse 
energy > 10 (7) GeV for D0 (CDF). Photons are detected 
in the pseudo-rapidity range |?7 7 | < 1.1 for CDF and |r/ 7 | < 1.1 
or 1.5 < |»7 7 | < 2.5 for D0. The photon identification efficien- 
cies are approximately 80% for CDF and 75% (58%) for D0 
for the central (end) region. To reduce the contribution from ra- 
diative events the photon is required to be well separated from 
the lepton from the W^-decay, AR(£j) > 0.7 . 



D0 Preliminary IB data ( 89 pb ) 

W — > (e,/u,)vy 

-i- Data (127 events) 
SM + Background 
B Background 
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Figure 17: p7p distribution of D0 Wj candidate events. 



The number of signal events, after background subtraction, 
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D0 

87 pb" 1 


CDF 

67 pb- 1 




Wj — > ei^7 ^7 — > /x^7 


Wj — > evj W7 — > jLti/7 


Ndata 
iVbkg 

Nsm 


57 70 
15.2 ±2.5 27.4 ±4.7 

41.8±|;| 42.6±1;| 
43.6 ±3.1 38.2 ±2.8 


75 34 
16.1 ±2.4 10.3 ±1.2 
58.9 ±9.0 ±2.6 23.7 ±5.9 ±1.1 
53.5 ±6.8 21.8 ±4.3 



Table V: Number of W7 events observed in the data, expected background and signal events. Also listed is the number of expected 
events for SM couplings. 



and the number of expected events from SM processes are listed 
in table [v] for the electron and muon channels separately. Fig- 
ure [l7| shows the distribution of the photon py-spectrum for 
D0, together with the SM expectation. Good agreement with 
the prediction is observed and limits could be set based on the 
event rate. As seen in the previous section, if the event statistics 
allows it, better limits on anomalous couplings are obtained by 
performing a maximum likelihood fit to a differential distribu- 
tion. For Wj production a binned maximum likelihood fit is 
performed to the Ej, -spectrum as function of the coupling con- 
stants. The last data bin is explicitly taken to be a zero-event bin. 
The limits thus obtained for a form-factor scale A = 1.5 TeV 



are 



-1.0 < Ak < 1.0 
-1.8 < Ak < 2.0 
-0.3 < A < 0.3 
-0.7 < A < 0.6 



(D0) 
(CDF) 

(D0) 
(CDF). 



(A = 0) 
(A = 0) 
(Are = 0) 
(An = 0) 

The corresponding contours in magnetic dipole and electric 
quadrupole moment, in units of the SM prediction for the mo- 
ments, are shown in Fig. A vanishing magnetic dipole mo- 
ment and electric quadrupole moment of the W, corresponding 
to k = -5 and A = - \ is excluded at 99% CL. 

The decay rate for b — > sj can also be used to set limits on 
anomalous couplings since the process is sensitive to photon 
radiation off the W^-boson in the penguin diagram. The branch- 
ing ratio has been measured by CLEO to be B(b — > S7) = 
(2.32 ± 0.57± 0.35) 10~ 4 [Q. The upper limit on this branch- 
ing ratio excludes the outer regions in Fig. [l8|. The narrow re- 
gion between the two allowed CLEO bands is excluded by the 
lower limit. 

D. Combined Result on WW^ Coupling 

The studies of and WW/WZ production are both sen- 
sitive to the same WW-y coupling. The analyses can thus be 
combined to improve on the limits on anomalous couplings. 
When combining results, the correlation between the different 
analyses needs to be addressed. Some of the dominant com- 
mon systematic uncertainties are due to the method of estimat- 
ing the background and the uncertainty in structure functions 
and photon identification. The D0 experiment has carried out 
a combined fit to the three data sets corresponding to the WW, 
WW/WZ and Wy analyses from Run la. The significantly 
improved limits are: 
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Figure 18: Limits on anomalous magnetic dipole and elec- 
tric quadrupole moments for the W boson from CDF, D0 and 
CLEO. 



-0.7 < Ak < -0.9 
-0.4 < A < 0.4 



(A = 0) 
(Ak = 0), 



where it was assumed that the WW Z couplings and the WWj 
couplings were equal. Note that this combined result is more 
stringent than the result from the D0 14^7 analysis using the 
complete Run 1 data sample, showing the reach when all Teva- 
tron results are combined. 

E. Z7 Production 

The ZZj and Zjj trilinear gauge boson couplings are de- 
scribed in a way analogous to the WWV couplings. These 
couplings, absent in the SM, are suggested by some theoreti- 
cal models which imply new physics [Q. The most general 
Lorentz and gauge invariant ZVj vertex is described by eight 
coupling parameters, li( , (i = 1...4), where V = Z, 7 |47|. 
Combinations of the CP-conserving (CP-violating) parame- 
ters h][ and {h\ and h% ) correspond to the electric (mag- 
netic) dipole and magnetic (electric) quadrupole transition mo- 
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D0 


CDF 




89 pb- 1 


67 pb" 1 




e 


e /i 


-Ndata 


14 


18 13 


iVbkg 


1.6 ±0.5 


0.9 ±0.3 0.5 ±0.1 


^Sig 


12.4t£f ±0.5 


17.1 ±5.7 12.5 ±3.6 


Nsm 


12.0 ± 1.2 


16.2 ±1.8 8.7±0.7 



Table VI: Number of Zj events observed in the data, expected 
background and signal events. Also listed is the number of ex- 
pected events for SM couplings. 



ments of the ZVj vertex. Partial wave unitarity of the gen- 
eral // — > Z7 process restricts the ZVj couplings uniquely to 
their vanishing SM values at asymptotically high energies [fl8"|]. 
Therefore, the coupling parameters have to be modified by 
form-factors hj = hY /(l + s/A 2 ) n , where s is the square 
of the invariant mass of the Zj system and A is the form-factor 
scale. The energy dependence of the form factor is assumed to 
be n — 3 for h\ 3 and n = 4 for /i^ 4 [p^]. Such a choice yields 
the same asymptotic energy behavior for all the couplings. 

The study of anomalous couplings in the process Z-f — > II7 
follows the same lines as the W7 analysis J50j plQ . Table |vi| 
lists the expected and observed number of signal events for 
both experiments. The total cross section is seen to be in good 
agreement with the SM prediction. The sensitivity to anoma- 
lous couplings lies in the high region. Three events with 
p7p > 60 GeV/c are observed, one by CDF and two by D0. 
For D0, the probability to observe at least two events with 
p7p > 60 GeV/c, given a total of 14 events observed, is 8.2% 
and the events are consistent with a signal or background fluctu- 
ation within two standard deviations. Because of these high pr 
events, however, small non-vanishing anomalous couplings are 
preferred in the D0 analysis. Their resulting exclusion contour 
from the Run lb electron data is therefore slightly distorted (see 
Fig. |l9]). Preliminary limits on anomalous couplings for a scale 
factor A = 500 GeV from the di-electron analysis by D0 and 
the di-lepton analysis by CDF are, at 95% CL, 



-1.8 < h§j < 1.8 
-1.6 < /if < 1.6 
-0.4 < h$Q < 0.4 
-0.4 < h z m < 0.4 



(h$ 



0) 
0) 
0) 
0) 



(D0) 
(CDF) 
(D0) 
(CDF) 



The D0 experiment has recently performed a new analysis 
looking for the decay Zj — > 1/1/7. This channel has previ- 
ously been studied only in e + e~-collisions [^2|. Sensitivity to 
anomalous couplings in this channel is much higher than in the 
di-lepton decay modes due to the higher decay rate into neu- 
trinos and the absence of radiative Z decay background. The 
overall background, however, is still extremely high, leading to 
very stringent event selection criteria. To reduce the background 
from ly+jet events with the electron or jet being misidentified 
as a photon the Ej, and Ep were required to exceed 40 GeV. 
In addition, events with at least one jet with E J T > 15 GeV 
were rejected. The remaining background was dominated by 



cosmic rays and muons from beam halo which radiated in 
the calorimeter. This background was suppressed by rejecting 
events with a reconstructed muon or a minimum ionizing trace 
in the calorimeter close to the photon cluster. The residual back- 
ground, which had roughly equal contributions from W — > ev 
decays and muon bremsstrahlung, was derived from data. 

Four candidate events are observed on an expected back- 
ground of 6.4 ± 1.1 events and a SM prediction of 1.8 ± 0.2 
events. Although the signal-to-background ratio is less than 
one, the sensitivity to anomalous couplings is still high, since 
the background is concentrated at low Ej, while the anomalous 
coupling contribution is almost flat in Ej, up to the kinematic 
threshold of the reaction. Limits on anomalous couplings were 
set at 95% CL by a fit to the Ej, spectrum and gives \h% \ < 0.9, 
\hf \ < 0.2. This represents a factor of two improvement com- 
pared to the combined D0 Run la limits from the di-lepton 
analysis, based on the same luminosity [51], A summary of 
all the limits is shown in Fig. |l9| [|5C, 51 52). The L3 contour 
has a different orientation because of the different subprocess 
center of mass energy at which the events are produced. 



1.4 
1.2 
1 

0.8 
0.6 
0.4 
0.2 


-0.2 
-0.4 

-0.6 
-0.8 
-1 
-1.2 
-1.4 



















L3 


95', CI. limits (19951 














[><> Klin la PRELIMINARY 

95'« CL e+u+v limits 








_ 


;oo ( 




















/ 






















































t nr Klin ill utp \ / 
95'i CL limits 119'A 






ml Run la t+u 
















95'« ( 


:i. limits (19 
















IX) kiin la 


















PR F.I 

95>< 
























CDF 


-tun J 


i+lb e+u 










DO Run lb 


lectrc 


(67 pb 1 1 PRF.I.IMINAJ 










PRF.I 


IMIN 


\RY 


- v^' r i 

V 




11s 1 1 vyrn^. 










95'.'r ( 


;i. liin 


ts 























5 6 



Figure 19: Limits on anomalous CT^-conserving ZZ^j couplings 
from Z(££)j and Z(yv)^ production. The dashed line is the 
unitarity contour for a form-factor scale A = 500 GeV. 



IX. CONCLUSIONS 

A wide variety of properties of the W and Z-bosons are now 
being studied at hadron colliders with ever increasing precision, 
at the highest energy scales achievable. All results, including 
the results from e + e~ colliders ^\ [54l], are in good agreement 
with the SM. It is widely anticipated, though, that the SM is 
just an approximate theory and should eventually be replaced 
by a more complete and fundamental description of the under- 
lying forces in nature. With the new data from LEP 2, SLD and 
the Tevatron, and with the planned upgrades of the accelerators 
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as well as the experiments, the projected uncertainties [ p5| ] on 
some fundamental parameters should provide the tools to take 
another ever more critical look at the SM, without any theoreti- 
cal prejudice. 
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